Phosphates usually have shorter ultraviolet (UV) absorption edges and are ideal for deep-UV nonlinear optical (NLO) applications. The introduction of d 0 transition metal cation Mo 6+ into phosphates can facilitate to increase the distortion of the crystal structure and therefore it is easy to obtain the noncentrosymmetric (NCS) compounds, which are expected for NLO materials. In the work, the crystals of an ammonium molybdenophosphate chloride [NH 4 ] 12 [(Mo 2 ) 2 O(HPO 4 ) 2 ] 4 [PO 4 ]Cl·0.5H 2 O (AMPC) were grown by hydrothermal method. The second harmonic generation (SHG) of the compound exhibits 0.3 × KH 2 PO 4 (KDP) at 1064 nm radiation and the cutoff edge of it is about 230 nm. The crystal structure is consist of unique [Mo 4 P 4 O 32 H 4 ] 16− units and further to form layer two-dimensional (2D) structure. The first-principles electronic structure calculations show that the NLO response of it mainly comes from the Mo-O units. We also studied UV-vis-NIR diffuse reflectance, infrared spectrum and thermal properties of the compound. Additional, by the investigation of similar phosphomolybdates, we found that they have high ratios of NCS crystal structures about 39%.
Introduction
Nowadays, it is a very important way to increase solid-state laser sources by nonlinear optical (NLO) crystals frequency conversion, which can be used in atmospheric monitoring, laser medical treatment, laser radar and fundamental research [1] [2] [3] [4] [5] [6] . Borates have always been hotspots due to their rich structural chemistry and intrinsic properties, such as LiB 3 O 5 (LBO) [7] , β-Ba 2 B 2 O 4 (β-BBO) [8] and KBe 2 BO 3 F 2 (KBBF) [9] practically available benchmark NLO materials, α-BaB 2 O 4 [10] and Ca(BO 2 ) 2 [11] as birefringent materials. But as deep ultraviolet (DUV) (< 200 nm) NLO materials, they all have their own defects. For example, LBO, with a short absorption edge (155 nm), but small birefringence making phase matching difficult; β-BBO, with strong second harmonic generation (SHG), but suffering from large birefringence and walk-off effect; KBBF, the only one applicable in DUV but with insurmountable layered growth nature and highly toxic beryllium component [12] [13] [14] . Therefore, the identification of new UV and DUV NLO materials is still of great urgent demand. Scientists have proposed different ideas on how to design noncentrosymmetric (NCS) materials with large SHG and short cutoff edge NLO materials [15] [16] [17] [18] [19] . Fluorooxoborates, new prolific fields for exploring UV and DUV materials, are potential for designing structure types favorable to excellent optical properties developed by Pan group recent years [20] [21] [22] [23] [24] [25] .
Phosphates, which are newly attractive candidates for DUV NLO materials, have gained extensive attentions because of abundant PeO groups and short cutoff edges. Furthermore, SHG responses in orthophosphates can be enhanced by highly polymerized PeO groups, nonbonded O-2p orbitals in PO 4 tetrahedron [26, 27] . In recent years, we have explored some phosphates with novel crystal structures and good performance [28] [29] [30] [31] . In order to make it easier to obtain NCS compounds and enrich the structural chemistry of phosphates, d 0 transition metal cations can be introduced to increase distortion and polarization [32] . It is well known that the sequence of cations distortion of d 0 transition metals is Mo 6+ > V 5+ > W 6+ > Nb 5+ > Ta 5+ > Ti 4+ [33] , in which Mo 6+ is susceptible to second-order Jahn-Teller (SOJT) distortions and is conducive to design materials with better SHG efficiency [34] . Therefore, the combination of the Mo-O and PeO groups may be feasible strategy to design NCS materials with good optical properties. So far, only a few molybdenophosphates have been reported as NLO materials, such as Rb 4 Mo 5 P 2 O 22 [35] , Cs 4 Mo 5 P 2 O 22 [4] . By the investigation of ammonium phosphomolybdates we found that the proportion of them with NCS structure is up to 39%, which far higher than other types of compounds (Table S1) [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . It exhibits a moderate SHG response approximate 0.3 × KDP. Furthermore, diffuse reflectance spectrum shows its cutoff edge is about 230 nm and down to UV spectral region. In this work, we report on the crystal growth and optical properties of the AMPC compound. In addition, thermal behavior, electronic band structure calculations of the title compound were also presented.
Experimental section

Crystal growth
Crystals of AMPC were prepared via hydrothermal method. The mixture of 0.2420 g (1.0 mmol) Na 2 MoO 4 ·2H 2 O, 0.690 g (6.0 mmol) NH 4 H 2 PO 4 , 0.2674 g (5.0 mmol) NH 4 Cl, 0.1237 g (2.0 mmol) H 3 BO 3 and 1 ml deionized water were put into a 23 ml polytetrafluoroethylene lining, respectively, then sealed it and shifted into a steel coat. They were put into a resistance furnace and heated to 210°C gradually, held for 24 h, and then reduced to 150°C at a rate of 1°C/h, finally to room temperature at a rate of 5°C/h. Here, H 3 BO 3 was used as the mineralizing agent in the reaction. After that, the Teflon liner was opened in air and colorless and transparent crystals were obtained ( Fig. 1 ) in a yield of ca 71% based on molybdenum element.
Single-Crystal structure determination
A transparent crystal (0.20 × 0.15 × 0.12 mm 3 ) was used for single crystal X-ray determination collection. The diffraction data were collected on a Bruker Smart APEX II charge-coupled device (CCD) single crystal diffractometer (graphite monochromatic Mo-K α radiation, λ = 0.71073 Å) at room temperature and integrated with the SAINT program. The numerical absorption corrections were performed with the SADABS program [47] . The structure was solved by direct methods and refined by the full-matrix least-squares method with anisotropic displacement parameters in SHELXL-97 system [48] . It was checked with aid of the program PLATON [49] . Crystal parameters, data collections, and structure refinement information are given detailed in Table 1 . Atoms coordinates with isotropic and equivalent displacement parameters are summarized in Tables S2 and S3 in the Supporting Information.
Powder X-ray diffraction
The selected transparent tetragonal crystals were dried naturally, ground into a uniform powder by agate grinding. The powder XRD measurement was carried out using a Bruker D8 PHASER X-ray diffractometer equipped with Cu Ka radiation (l = 1.5418 Å) at room temperature. The 2θ range was 5-70°with a scan step width of 0.02 and a fixed counting time of 1s per step. The powder XRD curve is consistent with that one simulated from single-crystal structure in Fig. S1 .
Thermal analysis
Thermal gravimetric (TG) and Differential Thermal Analysis (DTA) analyses were carried out on a HITACHI STA 7300 thermal analyzer instrument at a temperature range of 30-500°C with a heating rate of 10°C·min −1 and then cooled to room temperature at the same rate under flowing argon.
Spectroscopy analysis
UV-vis-NIR diffuse-reflectance data were collected with a SolidSpec-3700DUV spectrophotometer using polytetrafluoroethylene as a standard in the wavelength range from 190 to 2600 nm. Absorption (K/S) data were calculated from the following Kubelka-Munk function: F (R) = (1 -R) 2 /2R = K/S; where R is the reflectance, K is the absorption, and S is the scattering [50, 51] .
The IR spectrum was measured with a Shimadzu IRAffinity-1 Fourier transform IR spectrometer in the 400-4000 cm −1 range, the sample was mixed thoroughly with dried KBr.
Energy spectrum analysis
In order to further verify the elements contained in AMPC compound, Hitachi's new high resolution field emission scanning electron microscope SU8010 was used for EDS test of the compound. It can be seen from Fig. S2 that the crystal contains the five elements N, Mo, P, O and Cl. The results are consistent with crystal structure analysis. The SHG intensities of AMPC crystals were evaluated using the Kurtz Perry method [52] . The measurements were carried out using a Nd:YAG pulsed solid-state laser (1064 nm, 10 kHz, 10 ns) [53] . The output light intensity emitted from the samples was collected using a photomultiplier tube. For the reason that the SHG efficiency depends strongly on particle sizes [54] , polycrystalline AMPC samples were ground and sieved into the following particle size ranges: 0-20, 20-38, 38-55, 55-88, 88-105, 105-150, 150-200 mm. The microcrystalline KDP samples with the same particle size ranges were served as the references.
Computational descriptions
First-principles density functional theory (DFT) electronic structure calculations for the compound were performed with the CASTEP code [55] . During the calculation, the generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) functional was adopted [56] . The interactions between the ionic cores and the electrons were described by the ultrasoft pseudopotentials [57, 58] , the following orbital electrons were treated as valence electrons: Mo, 4d 5 5s 1 ; P, 3s 2 3p 3 ; O, s 2 2p 4 ; Cl, 3s 2 3p 5 ; N, 2s 2 2p 3 ; H, 1s 1 . The kinetic energy cutoff of 830 eV was chosen, and the numerical integration of the Brillouin zone was performed using a 3 × 3 × 2 Monkhorst-Pack k-point sampling. The other calculation parameters and convergent criteria were the default values of the CASTEP code [59, 60] .
Results and discussion
Crystal structure description
AMPC crystallizes in the tetragonal system with space group of P_4_4. In the asymmetric units, there are two unique molybdenum atoms, three unique phosphorus atoms, sixteen unique oxygen atoms, one unique chlorine atom, four unique nitrogen atoms and fifteen hydrogen atoms, as shown in Table S4 and Fig. 2 . Three P atoms coordinate with four O atoms to form PO 4 tetrahedra, P(1) and P(2) are connected to hydrogen to form PO 4 H groups. All Mo atoms coordinate with six O atoms to form MoO 6 polyhedra. As shown in Fig. 3(a) , in the crystal structure, there are two unique [Mo 4 P 4 O 32 H 4 ] 16− units, which can be clearly seen along the b-axis direction as an eight-membered ring ( Fig. 3(b) ) composed of MoO 6 polyhedra and HPO 4 groups, which by sharing vertex O atoms along the c-axis and further form a network structure in Fig. 3(c) . As shown in Fig. 3(d) , the crystal structure is similar to the cell membrane structure viewed along b-axis. The layer formed by the ∞ [Mo 4 P 4 O 28 H 4 ] 8− units is similar to the phospholipid molecular layer in the cell membrane. NH 4 + ions, Cl − ions and isolated PO 4 3− groups are filled between the layers, which are further interconnected by hydrogen bonds (see Fig. 3(d) ). By comparing the atomic numbers on both sides of the b-axis, it is found that there is a high degree of symmetry in the crystal structure.
There are three kinds of hydrogen bonds in the crystal, namely NeH…Cl, NeH…O and OeH…O. As shown in Fig. 4(a) , the Cl − anions are at the center, and the remaining six NH 4 + ions are dispersed on the surface of the sphere at a certain radius from the Cl − ion and the hydrogen bond lengths range from 2.556 to 3.243 Å. As shown in Fig. 4(b) , the H 2 O molecule generates hydrogen bonds with four NH 4 + cations with hydrogen bond distances ranging from 2.401 to 3.243 Å. In Fig. 4(c) , the isolated PO 4 3− group forms hydrogen bonds with OH − (PO 4 H group) and NH 4 + ions, wherein the hydrogen bond distances are range from 1.640 to 1.736 Å, the isolated hydrogen bond distance between the PO 4 3− group and the NH 4 + ion ranges from 2.682 to 3.514 Å. It can be seen that AMPC compound has complex hydrogen bonds networks.
Thermal analysis
As can be seen from Fig. 5 , the TG curve shows that AMPC crystal is stable before 160°C, then continuous weight loss occurs between 160 and 500°C. The overall weight loss was about 30.1% at the temperature range. Through theoretical calculation of the corresponding decomposable groups, hydrogen chloride and ammonia account for about 28.3%, which are roughly consistent with the weight loss values. In the DTA curve, there are multiple endothermic peaks in the range from 160 to 350°C, indicating that AMPC crystal has multistep decomposition reaction.
Spectral analysis
As can be seen from the reflectance spectrum in Fig. 6 , no obvious absorption peak was observed in the range of 450-2600 nm and the cutoff edge is below 230 nm and the optical band gap of AMPC is about 3.11 eV.
IR spectroscopic measurement is shown in Fig. S1 . The absorption bands around 3263 cm −1 are the stretching vibration of NeH in NH 4 + and OeH in water. The infrared absorption peaks at 1446 and 1412 cm −1 are due to the vibration of NeH. The absorption peaks at 1287 and 1095 cm −1 are asymmetric stretching vibration of PeO in the PO 4 units, and the absorption peaks at 732 and 550 cm −1 may be symmetric stretching and bending vibration of PeO in the PO 4 units respectively. The absorption peak at 880 cm −1 is the stretching vibration of Mo-O in the MoO 6 polyhedra.
Second-Order NLO measurements
Owing to NCS compound, it is worth studying SHG properties of the compound. Powder SHG measurements using 1064 nm radiation revealed that the SHG efficiency of it is approximately 0.3 × KDP as shown in Fig. 7 . As mentioned above, the weaker SHG efficiency may be due to the material's nonpolar space group that does not have a constructive addition of net moments. 
Electronic structure
Consequently, in order to better understand the intrinsic relationship between the crystal structure and optical properties, electronic structure calculations of AMPC were performed. As shown in Fig. 8 , the compound is a direct band gap compound with band gap value of 1.05 eV, which is smaller than experimental optical gap, which attributes to the discontinuity of the PBE functional in DFT calculations. The covalent interaction between Mo and O states results in shorter Mo and O bonds in AMPC and lower energy transfer in O-2p state also leads to the reduction of band gap.
In order to investigate the origination of SHG, we studied the electronic and optical properties of AMPC using the first-principle DFT method. From the PDOS of AMPC ( Fig. 9 ), it can be seen that the energy window near the Fermi energy level is mainly composed of Mo-d, O-p and P-p orbitals. However, the top of the valence band is almost entirely composed of O-p orbitals, while the bottom of the conduction band is mainly composed of Mo-d orbitals and the contributions of P-p, Cl-p, Np and H-s orbitals are relatively small. Therefore, the electronic structure around Fermi energy level comes from the Mo-O groups, which determines the optical properties of the compound.
Conclusion
In summary, the crystals of AMPC were synthesized by hydrothermal method. Bilayers of phospholipid in the cell membrane structure are formed by unique [Mo 4 P 4 O 32 H 4 ] 8− repeat units. The SHG effect of the compound is 0.3 times that of KDP and the cutoff edge is below 230 nm. The study shows that the possibility of NCS structures can be greatly improved by introducing Mo ions, which are favorable for exploring new NLO optical materials. Theoretical calculations show that optical effect is mainly derived from Mo-O groups. In addition, thermal properties, elements analysis and infrared spectroscopy are also presented. The research opens a new window for the search and design new ammonium molybdenophosphates NLO materials.
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